The development of novel target concepts is crucial to make laser-driven acceleration of ion beams suitable for applications. We tested double-layer targets formed of an ultralow density nanostructured carbon layer (∼7 mg=cm 3 , 8-12 μm-thick) deposited on a μm-thick solid Al foil. A systematic increase in the total number of the accelerated ions (protons and C 6þ ) as well as enhancement of both their maximum and average energies was observed with respect to bare solid foil targets. Maximum proton energies up to 30 MeV were recorded. Dedicated three-dimensional particle-in-cell simulations were in remarkable agreement with the experimental results, giving clear indication of the role played by the target nanostructures in the interaction process.
The development of novel target concepts is crucial to make laser-driven acceleration of ion beams suitable for applications. We tested double-layer targets formed of an ultralow density nanostructured carbon layer (∼7 mg=cm 3 , 8-12 μm-thick) deposited on a μm-thick solid Al foil. A systematic increase in the total number of the accelerated ions (protons and C 6þ ) as well as enhancement of both their maximum and average energies was observed with respect to bare solid foil targets. Maximum proton energies up to 30 MeV were recorded. Dedicated three-dimensional particle-in-cell simulations were in remarkable agreement with the experimental results, giving clear indication of the role played by the target nanostructures in the interaction process. DOI: 10.1103/PhysRevAccelBeams. 19.061301 Laser-driven ion acceleration may become an appealing alternative to conventional acceleration techniques for a number of scientific and technological applications which require high-energy ion beams and compact sources [1, 2] . In such a scheme, ions are accelerated by the strong electric fields (>1 MV μm −1 ) generated during the interaction of ultrahigh-intensity laser pulses (well above 10 18 W=cm 2 ) with dense targets, typically thin solid foils (0.01-10 μm-thick). Currently, laser-driven ion acceleration allows one to obtain bunches in a broad range of energies (1-70 MeV for protons) and promises to envision new ion sources with reduced radioprotection requirements in comparison to traditional accelerators. However, in order to be appealing for applications, further increase in both the maximum ion energy and the accelerated charge is mandatory. Moreover, most applications require an ion beam with average currents of nA, μA or even mA. Up to now these issues have been addressed separately. In the last few years several target concepts have been developed with the aim of increasing the maximum ion energy: ultrathin foils [3, 4] , reduced mass targets [5] , nanosphere targets [6] [7] [8] , and grating targets [9] . Recently energies up to 20 MeV=u for C 6þ ions and 29 MeV for protons were obtained using ultrathin diamond-like carbon (DLC) foils covered with a layer of carbon nanotubes [10] . Most of these targets and the related acceleration schemes are suitable to work only in single-shot mode, besides requiring ultrahigh pulse contrast. For the generation of an ion beam it is necessary to work in a repetitive regime, for example with Ti:sapphire laser systems (1-10 Hz). Only few works can be found in which sequences of laser-driven ion bunches are generated, using μm-thick foils or tapes, showing modest maximum energies (about 4 MeV with a 100 TW system) [11, 12] . Therefore, the crucial task to obtain suitable ion energies and beam currents is inevitably related to the development of novel smart target concepts apt to be employed in the repetitive regime and able to provide, at the same time, an improvement in acceleration performances in terms of maximum ion energy and accelerated charge. Targets having an ultralow-density layer (foam) deposited on the front surface of a μm-thick solid foil may represent a promising path to meet both the aforementioned requirements. Idealized models of this target configuration have recently been investigated via particle-in-cell (PIC) simulations [13, 14] . These studies revealed that the presence of a homogeneous plasma (ionized foam) with near-critical electron density (n e ∼ n c ¼ ðm e ω 2 Þ=ð4πe 2 Þ, where ω is the laser frequency, and e and m e are the charge and the electron mass) may strongly enhance both number and energy of the accelerated ions. This density regime is characterized by strong laser-plasma coupling [10, [15] [16] [17] [18] . A sizeable number of electrons from the low-density plasma is accelerated toward the rear side of the target [13] , strongly contributing to the sheath field and, as a consequence, to the enhancement of the ion acceleration. Experimentally, near-critical plasmas can be produced from materials characterized by an open nanostructure resulting in a low density at the macroscale. Besides technological relevance, this target design is therefore of interest also for revealing the fundamental mechanisms characterizing interaction between ultraintense laser pulses and nanostructured materials [19] . Preliminary experimental results for laser-driven ion acceleration with carbon foam-attached targets, performed at moderate intensities (<10 18 W=cm 2 ), showed an increase of both the energy and number of accelerated ions, without strong laser contrast requirements [15] .
In this paper we report the results of an experimental investigation of the carbon foam-attached target concept in the fully relativistic regime. The experiments were performed at the Center for Relativistic Laser Science (CoReLS), Institute for Basic Science (IBS) in Korea, operating a 30-fs, petawatt Ti:sapphire laser [20] . The energies of the accelerated ions were measured as a function of laser polarization and intensity. The results were interpreted on the basis of three-dimensional particlein-cell (3D-PIC) simulations including innovative features to describe the nanostructured foam plasma layer. The experimental setup is shown in Fig. 1 . Double-layer targets (DLT) were composed by a 0.75 μm-thick Al foil and a near-critical carbon foam layer (7 AE 0.7 mg=cm 3 , corresponding to n e ¼ 1.2 n c when fully ionized) with 8 μm or 12 μm thickness. The carbon foam was directly grown on the Al substrate using pulsed laser deposition (PLD) (see Refs. [21, 22] for details). An innovative method based on energy dispersive x-ray spectroscopy combined with cross section scanning electron microscopy was employed to evaluate carbon foam density [23] . The laser pulses delivered on target had energy between 1 J to 7.4 J, duration of 30 fs, and a focal spot of 5 μm containing 22% of the total pulse energy in the FWHM area. Thus, the available intensity ranged from 0.5 to 4.5 × 10 20 W=cm 2 . A double plasma mirror system [24] allows one to maintain a high temporal contrast, better than 10 −11 up to tens of ps before the main pulse. Laser polarization was changed between linear (s-, p-) and circular (c-) by using half-and quarter-wave plates, leading to slightly different maximum intensities. The targets were irradiated with an incidence angle of 30°. For DLT, the foam layer was positioned on the irradiated target surface. Two Thomson parabola spectrometers were used to measure the energy spectra of ions emitted along both the target normal and the laser propagation direction from the target rear surface. The ion traces were detected using a high dynamic (16-bit) CCD camera coupled with a microchannel plate and a phosphor screen. An electron spectrometer was also positioned at the rear side of the target at an angle of 37°from the target normal. The electron spectra in the 2-11 MeV energy range were measured using imaging plates (Fujifilm, BAS-SR).
The measured proton spectra, shown in Fig. 2 , were obtained for the cases of 8 μm-thick DLT and for the bare 0.75 μm-thick solid Al foil target (ST) used as a reference. The maximum energy of accelerated protons (E max p ) was 22, 18 and 10 MeV for ST under laser irradiation with p-, s-, and c-polarization, respectively. The variation in the proton energies is due to the strong dependence of the laser-solid interaction mechanisms on the laser polarization at oblique incidence [25] . On the contrary, for DLT, the measured E max p was almost independent of the laser polarization and approached a value of 30 MeV. The corresponding gain factors were in the range 1.4-3. A further confirmation that the laser-foam interaction is hardly sensitive to the laser polarization came from the analysis of the electron spectra using 12 μm-thick DLT and ST for s-and c-polarizations, reported in the inset of Fig. 2 . It can be seen that almost identical electron spectra were observed for different laser polarizations when DLTs are used. On the other hand, laser polarization strongly affects   FIG. 1 . Setup of the experiment. The laser pulse is tightly focused by an off-axis parabolic mirror (angle of incidence 30°) onto 8 or 12 μm-thick carbon foam deposited on a 0.75 μm-thick Al foil. Ion spectra are recorded using two Thomson parabola spectrometers (TPS) and electron spectra are collected with an electron spectrometer.
the electron spectra obtained using ST. Parallel to this, maximum energy of about 130 MeV (∼11 MeV=u) was obtained for C 6þ ions using 8 μm-thick DLT, while only 80 MeV were observed for ST. The data presented in Fig. 2 allow a comparison of the total number of protons per steradian (N p ) and the total energy of the proton bunch per steradian (E T ), considering only ions with energies > 8 MeV, produced with DLT and ST respectively. The strong increase in both N p and E T is evident for DLT. The gain factors for E T and N p are 10 and 9 for s-polarization, 2 and 2 for p-polarization and 30 and 21 for c-polarization, respectively. The presence of the foam layer allowed a very strong increase in the number of the high-energy ions. In particular, in the case of p-polarization the number of protons with energy above 18 MeV was 7 times greater for DLT than for ST while no protons above 18 MeV could be found for s-and c-polarization using ST. Also the role played by the Al substrate thickness has been investigated. The presence of the foam allows the use of thicker substrates without substantially affecting E max p . Differently from the well-known behavior of ST [2] , doubling the Al thickness for DLT does not affect E max p . Preliminary results from a more recent campaign suggest that high E max p may be obtained even using much thicker Al foils: 20 MeV protons were obtained using a 12 μm-thick Al foil DLT irradiated at quasinormal incidence with c-polarization and 20% more energy on target. In Fig. 3 , E max p is shown as a function of the laser intensity for s-, p-, and c-polarization, for the cases of DLT and ST. An enhancement in E max p from the DLT, when compared to ST, was observed in the whole intensity range. The maximum proton energy increases approximately linearly as a function of the laser intensity, irrespectively of the polarization. This is valid for both the DLTs for all the polarizations, and for the ST with the exception of c-polarization. Such a behavior in the case of ST is in agreement with available theoretical predictions [26, 27] .
The experimental results presented so far are in qualitative agreement with the predictions of the simplified model used in numerical simulations described in Refs. [13] [14] [15] . In these simulations (mainly 2D) the foam layer was considered as a homogeneous near-critical layer. 3D simulations are essential to reproduce ion energies in quantitative agreement with the experiments and to assess the effect of different pulse polarizations. Moreover, since the deposited carbon foam consists of dense nanoparticles aggregated in a random structure [21] it is important to assess how the foam structure may additionally influence the laser-target coupling. Therefore, dedicated 3D-PIC simulations were performed with the PIC code PICCANTE [28] simulating both a uniform near-critical layer and a more realistic nanostructured foam [22] . The latter was modeled as a material composed by a random collection of 50 nm-radius overdense (n ¼ 50n c ) plasma nanoparticles. The randomness of the arrangement has been achieved by adopting the diffusion limited aggregation model [29, 30] . The initial configuration is shown in Fig. 4(a) . The resulting porous structure is characterized by an occupation factor of about 2%, consistent with an average electron density over the entire foam volume approximately equal to n c . Figure 4(b) and Fig. 4(c) show the electron density evolving by interaction with a p-polarized laser at two different moments. The simulations show that the laser propagates through the entire nanostructured layer. An almost uniform electron density is achieved after about 130 fs (after the laser-target interaction is concluded), implying that during the laser-target interaction the plasma has modulations at the micrometer scale. During the interaction volumetric heating occurs, and the pulse is The spectra are collected along the target normal direction. The inset shows the electron energy spectra when using DLT with 12 μm-thick foam with s-, p-and c-polarization, (spectra a, b, c respectively) and using ST for s-and c-polarization (spectra d and f). It is also interesting to compare our results with those obtained by Bin et al. [10] , in which effective ion acceleration is achieved by exploiting laser interaction with a near-critical density plasma, thanks to the use of ultrathin DLC foils covered by a layer of carbon nanotubes (CNT). In this study, the ion acceleration is ascribed to an enhanced light-sail radiation pressure acceleration (LS-RPA) mechanism, in which the laser pulse is self-focused in the propagation through the near-critical CNT layer. In our experiment the use of oblique incidence and micrometerthick solid foils excludes the onset of LS-RPA, favoring instead an enhanced TNSA process characterized by laser polarization independence (see Fig. 3 ) and volumetric heating within the foam, which therefore plays an active role in coupling the laser energy to the charged particles. A further remarkable experimental outcome emerged from the ion spectra acquired along the laser propagation direction (see Fig. 1 ). Only when DLTs were used, protons with E max p ranging between 12-14 MeV were detected. E max p was almost constant in the whole intensity range and independent on both foam thickness and laser polarization. We may speculate that these ions, rather than being accelerated on the rear side by a sheath field, are coming from the foam layer.
According to the results presented above, the enhanced coupling of the laser with near-critical carbon foam layer allows for a significant improvement in the performance of laser-driven ion acceleration, when compared to ST. The recorded ion energies and gain factors are among the highest obtained with comparable sets of laser parameters [4, 7, 10, 31, 32] . As a remarkable distinctive feature, these energies are obtained with DLT having μm-thick Al foils. Thus it is possible to envisage the use of this target design in repetitive regime for the generation of laser-driven ion beams (e.g. with a rotating support [33] ). Proton beams with energy in the 10-30 MeV may already find application in several fields [34] [35] [36] [37] . Further enhancement could be obtained by optimizing foam parameters, for example by further reducing the average foam density [13, 15] . In addition, the experiment was performed using laser pulses of few-J and well below 10 21 W=cm 2 . These values can be realistically overcome with today's available laser technology. Considering the trend of the maximum ion energy as a function of laser intensity (see Fig. 2 ) significantly higher E max p might be reached beyond 10 21 W=cm 2 . In conclusion, thanks to the robustness of μm-thick foil and to the enhanced laser-target coupling, foam-based multilayer targets may represent a promising solution toward the development of repetitive laser-driven ion beams.
